Extinction is a form of inhibitory learning viewed as an essential process in suppressing conditioned responses to drug cues, yet there is little information concerning experiential variables that modulate its formation. Coping factors play an instrumental role in determining how adverse life events impact the transition from casual drug use to addiction. Here we provide evidence in rat that prior exposure to controllable stress accelerates the extinction of cocaine-seeking behavior relative to uncontrollable or no stress exposure. Subsequent experimentation using high-speed optogenetic tools determined if the infralimbic region (IL) of the ventral medial prefrontal cortex mediates the impact of controllable stress on cocaine-seeking behavior. Photoinhibition of pyramidal neurons in the IL during coping behavior did not interfere with subject's ability to control the stressor, but prevented the later control-induced facilitation of extinction. These results provide strong evidence that the degree of behavioral control over adverse events, rather than adverse events per se, potently modulates the extinction of cocaineseeking behavior, and that controllable stress engages prefrontal circuitry that primes future extinction learning.
Introduction
A core feature of addiction is the ability of drug-associated cues and contexts to evoke intense craving and compulsive drugseeking behavior (Childress et al., 1987) . Consequently, many treatment strategies are directed at reducing the expression of conditioned behaviors produced by repetitive drug use. In preclinical models of drug administration, conditioned drug responses can be extinguished following repeated exposure to the drugpaired environment in the absence of the drug. Despite the extensive use of extinction procedures, little is known about experiential variables that modulate the speed and strength of extinction, as well as the neural mechanisms that mediate the effects of these variables. Only a minority of individuals that use substances with addictive potential go on to develop an addictive disorder (Anthony et al., 1994) , and so an understanding of circumstances that promote or mitigate the expression of drug seeking is of clinical importance (Potenza, 2014) .
Accumulating evidence indicates that the infralimbic region (IL) of the ventral medial prefrontal cortex (mPFCv) is critical for the suppression of both conditioned fear and appetitive behaviors (Quirk et al., 2006; Peters et al., 2009) . Following cocaine selfadministration and extinction training, inactivation of the IL is sufficient to elicit cocaine-seeking in the absence of any other reinstatement trigger (Peters et al., 2008) . Moreover, recent findings support involvement of the IL in learning the extinction of conditioned reward-seeking behavior as well as the retrieval of extinction memory after cocaine-seeking is extinguished (Hsu and Packard, 2008; Peters et al., 2008; LaLumiere et al., 2010 LaLumiere et al., , 2012 Van den Oever et al., 2013) . This is noted here because recent work suggests that prior exposure to controllable (escapable shock, ES), but not physically identical uncontrollable (inescapable shock, IS), stressors potently reduce conditioned fear responses through an ILdependent mechanism (Baratta et al., 2007 (Baratta et al., , 2008 . Additionally, exposure to ES after fear conditioning facilitates the reduction of fear responses during extinction and eliminates the spontaneous recovery of fear. If controllable stress alters the IL in such a way as to suppress later conditioned fear responding, then perhaps prior control would also reduce the later expression of other conditioned responses regulated by the IL.
Adverse life events are thought to be important for the transition from recreational to compulsive drug use in humans (Kosten et al., 1986; Sinha, 2008) , and exposure to stressors can facilitate the acquisition of drug self-administration (Piazza et al., 1990; Goeders and Guerin, 1994; Miczek and Mutschler, 1996) and reinstate extinguished drug-seeking (Shaham and Stewart, 1995; Highfield et al., 2000; Bossert et al., 2013) . Along these lines, several studies have investigated the impact of stressor controllability on reactions to drugs of abuse. Exposure to a single session of IS, but not ES, enhances the later development of morphine conditioned place preference (CPP) (Will et al., 1998) . Furthermore, a prior experience of ES can block later IS-induced potentiation of morphine CPP, even when the ES-to-IS interval is as long as 8 weeks (Rozeske et al., 2012) . This stress-buffering effect of ES depends on IL activity during ES.
Here we evaluate the selective impact of stress on the acquisition of extinction and whether or not the dimension of control can modulate its impact. Specifically, the present experiments determine if stressor controllability modulates the extinction of drugseeking behavior following cocaine self-administration, and use rapid and reversible optogenetic silencing to investigate the role of the IL in mediating the effects of behavioral control.
Materials and methods

Animals
Adult male SpragueeDawley rats (300e325 g at the time of testing, Institute for Behavioral Genetics, Boulder, Colorado) were kept on a 12-h reverse light/dark cycle; all experiments were conducted during the dark phase. Animals were pair-housed until catheter implantation, after which they were housed individually. Standard lab chow and water were available ad libitum. Procedures were performed in accordance with standard ethical guidelines (National Institutes of Health Guide for the Care and Use of Laboratory Animals) and were approved by the Institutional Animal Care and Use Committee at the University of Colorado Boulder.
Cocaine self-administration
Rats were anesthetized with a ketamine/xylazine mixture (100 mg/kg and 8 mg/kg, respectively, i.p.) and implanted with intrajugular catheters. All incisions were sutured, stapled, and sealed with Vetbond (3M). After surgery, catheters were flushed daily with a sterile solution of heparin (2.5 units/mL) to maintain catheter patency. Five to seven days following catheterization, animals were trained to nose poke for intravenous cocaine HCl (0.5 mg/kg/infusion; National Institute on Drug Abuse) during daily 3-h sessions (65 infusion max) over 7 days. The 65-infusion limit was chosen to prevent adverse effects of the drug. Prior to the start of each session, rats were placed into self-administration chambers (20 Â 20 Â 26 cm) that were equipped with two nose-poke portals located 5 cm above the floor on opposite walls. A protective cap was removed from the catheter and its external end was connected via tubing (0.02 inch inner diameter; Saint-Gobain Performance Plastics) to a single-channel liquid swivel mounted in the ceiling of the self-administration chamber. Nose pokes into one of the ports (designated active) resulted in a cocaine infusion over 5 s on a fixed-ratio 1 (FR1) schedule of reinforcement. Each reinforced response resulted in a 20-s timeout period, during which time the active port was illuminated with a white LED positioned at the back of the port. Nose pokes made in the other port (designated inactive) were recorded but had no programmed consequence. At the end of the 7 days of self-administration training, the criteria for achieving stable responding were a) minimum of 30 reinforcers earned; b) preference for the active port greater than 70%; and c) no more than 20% variation (both number of reinforcers and active port preference) for at least two of the final three self-administration sessions.
Stressor controllability
For manipulation of controllability, subjects were run in a triad design. One subject of each triad received ES, a second received yoked IS, and third received no tailshock (home cage control, HC). Each rat was placed in a Plexiglas box (14 Â 11 Â 17 cm) with a wheel mounted in the front of the box. The tail was secured to a Plexiglas rod extending from the back of the box, and affixed with two copper electrodes and electrode paste (Parker Laboratories). Each tailshock session consisted of 80 trials of tailshock (27 Â 1.0 mA, 27 Â 1.3 mA, 26 Â 1.6 mA) on a variable interval 60-s schedule (range ¼ 45e90 s). As in prior studies (Baratta et al., 2007) , the following procedure was used to insure that the ES rat learned the operant response to terminate the tail shock. Initially, the shock was terminated by a one-quarter turn of the wheel. The response requirements were increased by a one-quarter turn when three consecutive trials were completed in less than 5 s. Subsequent latencies under 5 s increased the requirement by 50% up to a maximum of four full turns. The requirement was reduced if the trial was not completed in less than 5 s. If the requirement was not reached in less than 30 s, the shock was terminated and the requirement was reduced to one-quarter turn of the wheel. An additional rationale for this procedure is that it maintains shocks at durations sufficient to produce the usual behavioral effects of IS in the yoked IS subject. Rats in the IS group received an identical amount of shock but had no control over its termination.
Extinction of cocaine-seeking behavior
Extinction was conducted in 3-h daily sessions, during which a nose poke in the active port resulted in a 20 s presentation of the white LED, but no cocaine delivery. Nose pokes made in the inactive port had no programmed consequences. Extinction sessions continued for each subject until the number of previously reinforced responses (active port) in a given session was <20% of extinction day 1 levels.
Viral vectors
Adeno-associated virus (AAV) vector was used to genetically target third-generation halorhodopsin (NpHR), a light-activated chloride pump, to IL pyramidal neurons. CaMKIIaTNpHR-eYFP and CaMKIIaTeYFP cassettes were packaged in AAV vectors serotyped with AAV5 coat proteins (titers: 3.0 e 6.0 Â 10 12 genome copies/mL) by the Vector Core at the University of North Carolina at Chapel Hill.
Viral delivery and optical fiber implantation
For optogenetic experimentation, rats were anesthetized using a ketamine/xylazine mixture and a stainless steel needle with beveled tip (31 gauge; Hamilton Company) was directed to the IL (þ2.5 mm anterior to bregma, ±0.5 mm lateral to the midline, À3.2 mm ventral to the cortical surface), and virus (1.0 mL/hemisphere) was infused over 10 min (0.1 mL/min) followed by an additional 10 min to allow for diffusion. After 2e3 weeks, animals were anesthetized and implanted with an intravenous catheter (as described above) into the right jugular and optical fibers (200 mm diameter core, 0.39 NA, approximately 1.0 mm center-to-center distance) into the bilateral IL (þ2.5 mm anterior to bregma, À3.5 mm ventral to the cortical surface). Optical fibers were secured to the skull with dental cement and stainless steel screws and surrounded by an inverted protective plastic head cap to prevent fiber damage during the tailshock session. All subjects were allowed 5e7 days recovery before behavioral experimentation. Optical fiber placement and viral expression in the IL were verified using a BX-61 Olympus scope, according to the rat brain atlas (Paxinos and Watson, 2007) . Subjects were only included if the optical fiber tips were located within the transduced IL. Evidence suggests that the dorsal peduncular cortex, which is situated immediately ventral to the IL, is also part of the mPFCv that regulates extinction; therefore subjects with optical fiber placements close to the dorsal peduncular/IL border were included in all analyses (Peters et al., 2009; LaLumiere et al., 2010; Van den Oever et al., 2013) .
In vivo recording
Single-unit recordings were conducted in a subset of animals (n ¼ 3) under urethane anesthesia (1.5 g/kg, i.p.) 18e21 days postviral injection. Simultaneous optical silencing and electrical recording of IL pyramidal neurons transduced with AAV-NpHR-eYFP were performed using an optrode consisting of a tungsten electrode (1e1.5 MU; MicroProbes) attached to an optical fiber. The optical fiber was coupled to a green diode laser (l ¼ 532 nm; Shanghai Laser & Optics Century) and yielded a fiber tip irradiance of approximately 150 mW/mm 2 as determined by an optical power meter (Newport) prior to insertion into brain. A small craniotomy was made over the viral injection site in the IL and the optrode was gradually lowered in 50 mm increments using a hydraulic micromanipulator (Narishige) starting from the dorsal boundary of the IL. Recorded signals were bandpass filtered at 300 Hz (low)/8 kHz (high) for unit activity using an ExAmp-20K low-noise spike amplifier (Kation Scientific).
Experimental overview
Experiment 1 investigated the impact of stressor controllability on the extinction of drug-seeking behavior. Following cocaine selfadministration, rats were randomly assigned to either ES or yoked IS or HC treatment (n ¼ 9e12/group). One week following stress treatment animals underwent extinction training.
Experiment 2 determined the role of the IL in mediating the facilitated extinction produced by prior ES. Prior to catheter implantation, AAV-NpHR-eYFP or AAV-eYFP was delivered bilaterally to the IL. Following cocaine self-administration, NpHR-eYFP and eYFP rats were assigned to either ES or HC (n ¼ 8e10/group). On the day of stress treatment, optical fiber implants were connected to a patch cable that interfaced with a FC/PC fiber-optic rotary joint (Doric Lenses) which then interfaced with a 532 nm solid-state green laser located outside the wheel-turn box. Continuous light delivery coincided with the onset of tailshock and terminated 2 s following the offset of tailshock. An additional ES group (n ¼ 5) received NpHR-mediated IL silencing distributed at random during the intertrial interval (ITI) with no specific relationship to shock onset or offset. This group was included to determine whether the observed effects of IL inhibition on ES extinction behavior required silencing to be "tied" to tailshock (when the controlling response occurs). Animals then underwent extinction one week later as described above.
Data analysis
Data analysis was performed with OriginPro software (Orgin-Lab). The effect of treatment was analyzed with either repeatedmeasures (number of infusions across self-administration sessions, wheel-turn escape performance, in vivo single-unit recordings, number of active pokes for initial extinction sessions) or one-way (total cocaine intake, duration of light delivery, days to extinction) analysis of variance (ANOVA). Main effects and interactions were considered statistically significant if p < 0.05. When appropriate, post hoc analyses and planned comparisons were performed using Bonferroni-Holm correction for multiple comparisons. Statistical outliers, indicated by data two standard deviations beyond the group mean, were excluded from analyses. Values in graphs are represented as mean ± SEM.
Results
Effect of stressor controllability on extinction of cocaine seeking
In order to evaluate the impact of stressor controllability on extinction of cocaine-seeking behavior, stress treatment was given 24 h after cocaine self-administration training so that any effects of controllability on extinction could not be attributed to modulation of acquisition ( Fig. 1A) . Rats were trained to nose poke for cocaine (0.5 mg/kg/infusion) under an FR1 schedule of reinforcement. Analysis of cocaine self-administration behavior prior to stress group assignment showed no differences in the number of cocaine infusions across the daily 3-h sessions (group Â session interaction: F 12,168 ¼ 0.604, p ¼ 0.837; data not shown) and total cocaine intake (group: F 2,28 ¼ 0.786, p ¼ 0.466; data not shown). Stress treatment consisted of 80 trials of ES, IS, or HC.
One week following stress exposure, animals were returned to their self-administration chambers for daily 3-h extinction sessions and continued until the extinction criterion was reached (number of previously reinforced responses in a given session was <20% of extinction day 1 levels). Extinction to a criterion was used, rather than a fixed number of extinction sessions, so that facilitation or interference effects of stress could more readily be detected. Prior exposure to ES significantly reduced the number of sessions necessary for extinction, whereas prior IS increased the number of sessions (days to extinction: ES, 6.8 ± 0.969; HC, 14.5 ± 2.00; IS, 23.1 ± 2.83; group: F 2,28 ¼ 13.510, p < 0.001; Fig. 1B,C) relative to HC. All three groups were significantly different from each other, with the ES group exhibiting a fewer number of sessions to reach extinction compared to HC (p < 0.05) and IS (p < 0.001) groups. Analysis of within-session responding during the first extinction session yielded no group differences (group: F 2,28 ¼ 0.075, p ¼ 0.787; group Â time interaction: F 10,140 ¼ 0.831, p ¼ 0.600; Fig. 1D ). Similarly, a repeated measures ANOVA revealed that groups did not differ across the initial three extinction sessions (when all subjects were represented) for total number of nose pokes in the active port (group: F 2,28 ¼ 0.325, p ¼ 0.573; group Â session interaction: F 4,56 ¼ 1.14, p ¼ 0.345; Fig. 1E ), further demonstrating that the ES-induced acceleration of extinction was not due to a difference in initial levels of responding.
Optical silencing of IL pyramidal cell activity in vivo
Next we addressed whether temporally specific silencing of the IL during ES would interfere with the ability of ES to facilitate later extinction. AAV vectors encoding the light-driven inward chloride pump, NpHR, driven by the CaMKIIa promoter, were stereotactically delivered in order to transduce glutamatergic neurons locally in the IL. Single unit recordings from NpHR-transduced IL pyramidal neurons in anesthetized rats demonstrated reliable silencing of spontaneous spiking activity in response to 10 s delivery of green light (time: F 2,14 ¼ 25.637, p < 0.001, one-way repeated measures ANOVA; Fig. 2 ). NpHR-mediated silencing was time-locked to the illumination period (firing rate: baseline, 1.69 ± 0.30 Hz; light delivery, 0.04 ± 0.02 Hz; p < 0.001, Bonferroni-Holm correction) and the firing rate was restored to levels indistinguishable from baseline following light delivery (post light, 1.85 ± 0.36 Hz; p ¼ 0.59, Bonferroni-Holm correction). The average latency of inhibitory responses was 0.23 ± 0.11 s (ranging from 0.1 to 1.0 s).
Effect of silencing IL activity during controllable stress on extinction behavior
Here the question was whether temporally specific silencing of the IL during ES would interfere with the ability of ES to facilitate later extinction of cocaine seeking (Fig. 3) . Prior to behavioral experimentation, the IL was bilaterally injected with NpHR-eYFP or eYFP only (control) and subsequently implanted bilaterally with optical fibers (Fig. 3B,C) . Analysis of cocaine self-administration prior to stress treatment showed that the number of infusions earned across the daily 3-h sessions (group Â session interaction: F 18,174 ¼ 0.652, p ¼ 0.854; Supplementary Fig. 1A ) and total cocaine intake (group: F 3,29 ¼ 0.430, p ¼ 0.733; Supplementary Fig. 1B) were similar between groups.
During ES, the IL was transiently inactivated via bilateral delivery of continuous light during tailshock presentation (when escape responses occur, ES-NpHR). An additional group, ES-NpHR(ITI), received an equal amount of light delivery distributed at random during the ITI with no specific relationship to shock onset or offset. Repeated-measures ANOVA indicated no differences between eYFP-or NpHR-treated ES groups on either response requirement (group: F 2,19 ¼ 2.490, p ¼ 0.131; Supplementary  Fig. 1C ) or time to terminate the shock (group: F 2,19 ¼ 4.101, p ¼ 0.057; Supplementary Fig. 1D ). Importantly, all ES groups received the same amount of laser light delivery (group: F 2,19 ¼ 1.333, p ¼ 0.287; Supplementary Fig. 1E ).
One week following stress treatment, animals were returned to their self-administration chambers for daily 3-h extinction sessions. Initial results indicated no differences in extinction rates between HC-eYFP and HC-NpHR subjects (days to extinction: 12.4 ± 2.21 and 13.4 ± 2.69, respectively, n ¼ 5/group; p ¼ 0.781, Student's t-test), so these groups were pooled to form a single HC group used for statistical analysis. Similar to experiment 1, prior ES-eYFP exhibited accelerated extinction relative to HC subjects (Fig. 3D,E) . However, when IL neurons were silenced with NpHR during each of the controllable tailshocks, the number of sessions to extinction was dramatically increased in ES subjects (days to extinction: HC, 12.9 ± 1.65; ES-eYFP, 5.7 ± 1.03; ES-NpHR, 16.75 ± 3.55; ES-NpHR[ITI], 6.4 ± 1.72; group: F 3,29 ¼ 5.966, p < 0.01). Planned comparisons using Bonferroni-Holm correction revealed that ES-eYFP required a significantly fewer number of sessions to extinguish compared to HC (p < 0.05) and ES-NpHR (p < 0.001), but did not differ from subjects that received IL silencing during the ITI (p ¼ 0.84). ES-NpHR(ITI) subjects exhibited a trend toward facilitated extinction, although this did not reach statistical significance (vs HC, p ¼ 0.06). Additionally, a repeated measures ANOVA revealed that groups did not differ in the mean number of active port nose pokes on the first extinction session when all subjects were represented (group: F 3,29 ¼ 1.168, p ¼ 0.339). Together, these data indicate that the IL activity during the controlling response is critical for the later facilitation of extinction learning.
Discussion
The present findings indicate that exposure to stressors of differing controllability have bi-directional effects on the later extinction of conditioned drug responses. Exposure to IS profoundly interfered with extinction training that began 7 days later; IS subjects required significantly more sessions to extinguish the cocaine-associated operant response even though responding during the initial extinction sessions was identical to ES and HC. Stress-induced resistance to extinction has also been observed when stress treatment is given in conjunction with extinction training. Kupferschmidt et al. (2009) demonstrated that pretreatment of a pharmacological stressor (yohimbine) prior to daily extinction sessions attenuated the extinction rate of cocaineseeking behavior.
The IS effect also parallels the large body of literature showing that stressors across a variety of modalities (e.g., footshock, food deprivation, cold swim stress) can reinstate drug-seeking behavior following extinction (Shaham and Stewart, 1995; Highfield et al., 2000; Shalev et al., 2000; Conrad et al., 2010) . Similarly, environmental stimuli conditioned to drug delivery or availability can trigger reinstatement when presented alone or in an additive fashion when combined with stress (Liu and Weiss, 2002; Banna et al., 2010) . This is particularly relevant to the current findings since active nose pokes during extinction training resulted in contingent presentation of the light cue previously paired with cocaine during training. Typically, IS-induced behavioral effects follow a transient time course (24e72 h) when testing is conducted in a novel environment (Maier and Watkins, 2005) . In contrast, the enduring nature of IS extinction resistance observed here occurred in the presence of conditioned stimuli (the drug-paired cue and environment). The prolonged IS-induced resistance is probably not due to an increase in the associative strength acquired by the conditioned stimuli paired with cocaine, given that stress treatment occurred after self-administration. Rather, the experience of IS most likely increased the persistence of conditioned responding produced by conditioned stimuli that have a given associative strength.
The main focus of the present experiments was to understand whether the experience of behavioral control over stress alters later extinction of drug seeking. This has not previously been examined. The pattern of extinction behavior that emerged following physically identical ES was the exact opposite to that of IS. ES administered prior to extinction not only prevented the effects on extinction observed with IS, but rather it accelerated the extinction process compared to HC. These results were striking given that ES itself is a highly "stressful" event and produces a hypothalamopituitary-adrenal response that is as large as that produced by IS (Maier et al., 1986; Helmreich et al., 1999 Helmreich et al., , 2012 . Prior work directed at understanding the mechanisms by which control confers protection from the effects of stressors on conditioned fear responding support the idea that the IL becomes activated during ES, but not IS, and that inactivation of IL activity during ES produces exaggerated fear responding typical of IS exposure (Baratta et al., 2007 (Baratta et al., , 2008 . In the present set of experiments, we found that transient bilateral silencing of the IL during tailshock (when the controlling response occurs) dramatically increased the number of sessions required for ES animals to become extinguished. This did not occur when IL activity was transiently silenced outside of the tailshock/controlling response period (ITI), suggesting that the impact of ES on subsequent extinction learning requires the conjoint presence of IL activity with some aspect of the controlling response.
The results of the present experiments are consistent with previous findings indicating that IL activity is necessary for extinction of drug seeking. Peters et al. (2008) showed that only IL inactivation following, but not prior, to extinction learning triggered cocaine-seeking behavior. Additionally, post-training inactivation of the IL following each extinction session impairs the retention of extinction memory of cocaine seeking (LaLumiere et al., 2010) . Taken together, these data suggest that the IL is recruited during the extinction process in order to suppress conditioned responding. It may be the case that ES mimics extinction training by inducing changes in the IL that prime future extinction learning. As noted above, this is similar to data examining the effects of ES on conditioned fear responses. Behavioral control over a stressor facilitates the reduction of fear responses during extinction, a finding that extends from rats to humans (Baratta et al., 2007; Hartley et al., 2014) . Intra-IL microinjection of muscimol blocks the ability of prior ES to reduce fear to a conditioned tone and context. Recent evidence points to the IL as a critical site where fear and appetitive extinction circuitries intersect. Direct stimulation of the IL has been shown to inhibit both conditioned fear and drug responses (Milad and Quirk, 2002; Ghazizadeh et al., 2012) , and extinction-induced plasticity in the IL has been described following extinction of both types of responses (Burgos-Robles et al., 2007; Ghasemzadeh et al., 2011) , although the underlying molecular mechanisms and temporal involvement of the IL may differ between the two extinction forms (Sun and Rebec, 2005; Mueller et al., 2010; Van den Oever et al., 2013; Do-Monte et al., 2015) . Recent work has demonstrated that controllable stress elicits a rapid increase in the transcription cascades that follow NMDAR activation in the IL, namely the phosphorylated extracellular signal-regulated kinases 1 and 2 (pERK1/ 2), relative to uncontrollable or no stress controls (Christianson et al., 2014) . Presumably the ability of behavioral control to generalize across appetitive and aversive domains is through the induction of plasticity in IL neurons targeting distinct downstream effectors that regulate the expression of these behaviors (e.g., amygdala and nucleus accumbens shell, respectively), but this has yet to be directly tested.
The current data suggest that the degree of control over adverse events, rather than adverse events per se, is a potent modulator of conditioned drug responding, and that control over stress engages the IL to prevent stress-induced resistance to extinction. Many of the psychosocial factors associated with resistance to addiction or relapse involve processes that engage coping strategies (Veenstra et al., 2007; Alim et al., 2012) , and current clinical interventions aim to prevent the onset or minimize the extent of drug use by enhancing an individual's coping capacity (Rohsenow et al., 2004) . Thus, earlier experiences with control or other types of active coping skills may protect against the development of addiction by priming the prefrontal cortex to respond actively during exposure to drug-related environmental cues and contexts.
